ABSTRACT. We have refined marine reservoir age estimates for eastern Pacific coastal waters with radiocarbon measurements of mollusk shells collected prior to 1950. We have also investigated interspecific variability in 14C ages for historic and ancient shells from San Francisco Bay.
INTRODUCTION
Globally, ocean surface waters are depleted in radiocarbon content relative to the atmosphere b an amount equivalent to 40014C r. Regionally the oceans devia Y Y to from this value, reflecting variations in upwelling (Stuiver, Pearson and Braziunas 1986) , freshwater inflow in coastal regions S iker 1980) , and interhemis heric variations in atmospheric C content (Stuiver and Braziunas 1993) .
Knowledge of the value of the regional deviation from the ocean reservoir age (or AR) is necessary to accurately calibrate 14C ages of marine materials. Since the 1950s, determination of AR values by surface water 14( measurements has been precluded due to the artificially high 14C activity in surface waters from nuclear testing. Thus, AR values in coastal waters must be determined indirectly from 14C measurements of carbonate shells or other marine materials of known age collected prior to 1950.
Previous 14C measurements of known-age mollusk shells indicate an average AR for coastal California of 225 ± 15 yr, for seven analyses (Berger, Taylor and Libby 1966;  Robinson and Trimble 1981) , corresponding to a significant 14C depletion. This is attributed to upwelling of "old" Pacific Intermediate Water, driven by a divergence in surface ocean flow patterns created by winds blowing southward along the California coast (Dorman and Palmer 1980, ' g Robinson 1980) . Other studies suggest that the AR values along the California coast are variable, with values as great as 500 r (Bouey and Basgall 1991) . The AR value has been shown to decrease from 185 + _ 20 yr off Mexico ( 8 analyses), to 5 + _ 50 yr in Central American and Equadorean waters (9 analyses), and to increase again to 190 ± 40 yr off Peru and northern Chile (3 analyses; Taylor and Berger 1967) .
Due to the small number of samples, and large spatial and possibly temporal variability in u wellin in these coastal areas, more analyses are clearly necessary. S P g y o is characterization of the effects of other processes such as freshwater inflow, carbon recycling, and variable growth habits of marine organisms. In this study, we measured the 14C ages of historically collected mollusk shells from coastal California, Mexico, Central America and Chile to better constrain the modern AR values in these regions. In addition, 14C ages of historically collected mollusks, as well as fossil mollusks separated from sediments cored in San Francisco Bay, were used to assess interspecific differences in reservoir ages in modern and ancient estuarine environments.
METHODS
Modern (pre-bomb) mollusk specimens used in this study were provided by the Museum of Paleontology at the University of California, Berkeley, and the Natural History Museum in Santa Barbara.
Species used in the study are native oysters, clams and mussels (Ostrea lurida, Macoma balthica, M tilus calf ornianus and Mytilus edulis). In most cases, it is uncertain whether these specimens y f were collected live or not. These species were chosen because they commonly occur in archaeolog ical coastal deposits (shellmounds) and geological sediments along coastal California (Fig. 1) . They may also provide information about the causes of interspecific 14C age differences.
In addition to historically collected material, we separated these same mollusk species from estuarlne sediments cored in San Francisco Bay. Mollusks from the same stratigraphic level in the core were 14C-dated to determine differences in apparent ages between species that might be useful in assessing various processes leading to interspecies differences. This information is also useful in illustrating the range in 14C ages obtainable from the same stratigraphic level in geological sediments using different carbonate shell material. 
Radiocarbon Analysis
Radiocarbon analyses were performed at the Center for Accelerator Mass Spectrometry, Lawrence Livermore National Laboratory (Davis et al. 1990 ). Shell samples (ca. 8 mg of carbonate) were etched with 0.5N hydrochloric acid and rinsed with deionized water. Carbonate samples were placed in a 10-ml vacutainer (disposable blood sample vial), which was evacuated through the rubber stopper using a hypodermic needle. After evacuation to below 20 mtorr, 0.5 ml of phosphoric acrd added to the vacutainer with a syringe, and the sample was hydrolyzed for 30-60 min at 90°C to enerate CO2. This was reduced to graphite using hydrogen with a cobalt catalyst (Vogel, this work, and from previous studies compiled by Stuiver, Pearson and Braziunas (1986) are shown in Figure 2 . Ages of fossil mollusk shells from San Francisco Bay sediment cores are listed in Table 2 (see also Fig. 3) . The AC values for the modern shells were corrected for the 14C decay that occurred between the growth year ear) and 1950 and for Y (collection Y the input to the oceans of 14C-depleted fossil-fuel carbon. We have used 14C data from banded corals (Druffel and Suess 1983) , and the calculations of Stuiver, Pearson and Braziunas (1986) , to correct for this fossil-fuel influence. AR values were calculated by comparing global marine surface ages from an ocean model (Stuiver and Braziunas 1993) with the measured 14C ages. We have calculated regional means from our AR data, but these should be used cautiously, since there may be inherent variability in AR in some of the areas studied (see below). In addition, because it was not certain which of the samples were collected live, those samples with unusually high AR values were assumed to have been reworked, and thus were not used in calculating the mean OR values. 
Modern Shells and Eastern Pacific Reservoir Ages
The coastal samples from Northern California show large reservoir ages (low A14C), due to intense upwelling in this region. The estuarine D14C values from San Francisco Bay are generally lower than those of the coastal samples. There is a large input of freshwater to the estuary from the Sacramento-San Joaquin giver system, producing salinities as low as 10-2O%o 
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The data in Figure 2 suggest an increase in AR for coastal California waters of 50-100 yr at ca. 33-34°N latitude. This is plausible on oceanographic grounds, because the coastline trends sharply eastward below Pt. Conception at the western end of the Santa Barbara Basin (see Fig. 1 ). For much of the year, the California Current continues on a more southerly course, and the Southern California Bight to the southeast is occupied by a northward-flowing countercurrent. Coastal waters to the south are less subject to upwelling, and are less influenced by the southward advection of water from the strong upwelling regions further north (Dorman and Palmer 1980) .
A feature of the southern California data was the high proportion of outliers. Six of the 11 samples gave results consistent with those of Berger, Taylor and Libby (1966) , but two samples (Macoma-13 and Ostrea-7) were clearly reworked, and three others gave AR values of ca. 700 yr. We have tentatively assumed that these are also reworked and have excluded them from calculation of the regional mean AR. The five outliers are from, or adjacent to, estuaries (Newport Bay and Mission Bay) and could possibly result from reworking during flood events, if some of this material were redePosited on nearby oceanfront beaches. Erosion from uplifted beach bluff deposits is another possible mechanism for producing reworked material.
The presence of these samples in the museum collections may be an indicator that reworked specimens are relatively common in some California beach deposits. If this is true, it suggests that the probability of error in dating natural shell deposits is high, unless multiple samples are dated to reveal the presence of reworked material. Midden samples, which were collected live, would not be subject to this difficulty. If estuarine reworking is involved, choosing only open-ocean species may reduce the likelihood of error. Note, however, that reworking is not the only possible explanation for high mollusk reservoir ages. Dye (1994) has shown that 14C ages for limpet, cowrie and gastropod species found on Pleistocene limestone substrates in Hawaii are significantly older than those for specimens found on lava, and the likely effect on shell ages of dissolved geologic carbonate in river water has long been recognized (Berger, Taylor and Libby 1966) .
The high AR values from the Gulf of California samples are consistent with previous data (Berger, Taylor and Libby 1966) and with expectations for this known region of strong upwelling (Schrader et a1.1980) . The Central American data agree with previous results (Berger, Taylor and Libby 1966; Taylor and Berger 1967) , which show OR relatively constant with latitude, down to 10°N (Fig. 2) . Below that latitude, coastal waters as far south as the Galapagos are strongly influenced by equatorial water masses that are better equilibrated with the atmosphere than the waters of the California Current system further north. A sample from far southern Chile shows a larger AR than a specimen from Valparaiso, suggesting a stronger influence of 14C-depleted Southern Ocean water on the former. This is consistent with a previous study in the Beagle Channel, Tierra del Fuego (Albero, Angiolini and Piana 1986) , which also showed large reservoir ages.
San Francisco Bay Mollusks
The results from in and around San Francisco Bay show that the natural variability in 14C ages is much greater than the analytical uncertainty associated with the measurements. Fig. 3 ), but a single Ostrea sample from core CP-1 is younger than the Macoma shell. In core OP-1, Mytilus edulis is consistently older than Macoma by 450-1100 yr (six samples), whereas in OP-2 Mytilus is younger than Macoma by 70-220 yr (two samples). This variability in the species age offsets between cores (while age offsets are generally systematic within individual cores) suggests that several factors may contribute to the 14C age differences we observe.
One possible influence is the life habitat of the mollusk species. Clams, which are infauna, burrow into the sediment, to a depth of 5-15 cm. In contrast, oysters and mussels are epifaunal, living close to the sediment-water interface. Thus, oyster and mussel fossils from the same stratigraphic level would be expected to have an older age than coexisting clams. In most (but not all) cases, the data in Table 2 do show Macoma having the youngest ages. However, in core CP-3 (Fig. 3) , for example, the age differences of 400-1400 yr correspond to depth differences of 30-110 cm, an order of magnitude deeper than clams actually live.
Another factor may be the effect of different feeding modes. Oysters and mussels obtain carbon directly from the water from phytoplankton. Macoma also feeds on surface deposits, deriving carbon not only from phytoplankton and phytobenthos, but from other sources such as river-borne organic detritus, decaying vascular plants transported from marshes, and microbes in the sediment (Nichols and Pamatmat 1988 Evidence of serious problems in the dating of mollusks from estuaries is given by the San Francisco Bay results. Known-age Mytilus edulis from a single location in the Bay showed an age spread of almost 300 yr; and Mytilus, Macoma and Ostrea shells separated from the same level in sediment cores gave highly discrepant results, with age offsets as high as 1400 yr. Possible mechanisms for these variations include differences in habitat and feeding patterns, and the effects of seasonal changes in growth rates coupled with temporal upwelling and freshwater inflow variations. The variability in the results from different sediment cores within the Bay suggests that the causes are complex.
